ABSTRACT -
INTRODUCTION
In alimentation, a good diet contains adequately balanced proteins, carbohydrates and lipids, apart from minerals and vitamins. These nutrients are essential for man as well as for animals and vital for the growth and development of plants. In this aspect, plants are insufficient, since there is no single species that would hold all nutrients in suitably balanced proportions and in satisfactory quantity. In spite of being an excellent carbohydrate source, maize has low oil and protein contents. On the other hand, it has a high genetic variability which would make the selection of plants with a high oil content potential possible, as pointed out in some studies Sprague and Brimhall 1949 (Mendes 1972 , Mittelmann 2003 .
It is known that the current requirements for industrial maize processing demand large, flint and orange-colored grains, with a high oil content. Studies related to the grain oil content have become more and more important, in view of their applications in the human and animal alimentation and of the high energy content of the oil.
Maize is commonly used in animal feeding as energy source, owing to its high starch content, available in a readily digestible and cheap form, which gives it priority over all other cultivated cereals. However, in terms of oil content, the mean proportion of only 4.3% presents deficiency. It is exceeded by far by the values found in other grains such as soybean (17.7%), sunflower (50.2%), peanut (44.8%), sesame (52.2%) and others (IBGE 1977) . Mendes (1972) , who studied some traits in maize varieties of the South, Center-South, Center-West and Northeast regions in Brazil, verified that the most ARTICLE JP Oliveira et al. expressive results in oil content were achieved in the Southern region, with a subtropical, wet and mesothermic climate. Ruschel (1975) , who worked with opac-2 maize, observed a wide variation in the grain oil content (3.58 to 8.35%), indicating that selection to improve the nutritional maize quality in this aspect could be successful.
Maize cultivars of high protein quality (quality protein maize-QPM) have been cited as an alternative of an improved nutritional quality of this cereal for human and monogastric animal feeding (Tosello 1987) . Along with the protein quality, the increase in the oil content could represent a quality differential, principally with a view to genotypes for family agriculture. In this context and considering the increasing importance of maize in oil production, our study aimed to evaluate QPM populations and their crosses for the grain oil content, determining the heterosis and its components as support for breeding of populations per se or composite formation for a recurrent selection program.
MATERIAL AND METHODS
Twenty-one yellow-grain QPM populations in Hardy-Weinberg equilibrium were used, derived from genebanks of the Embrapa Milho e Sorgo (CNPMS) and Zeneca Seeds company. In order to establish distinct heterotic groups, the populations were separated according to the grain type in eight populations of dent grains (group 1) and thirteen populations of flint grains (group 2). They were crossed in a partial diallel intergroup scheme, according to Miranda Filho and Geraldi (1984) , and 104 hybrids were generated. Of all these, eight were discarded due to problems with seed insufficiency. The populations CMS 456, CMS 464 and CMS 466, all of group 1, were discarded for the same reason. The characteristics of the populations under study are displayed in Table 1 For the analysis of the oil content 100 g grain samples of each material were used that were insect, fungus and rot-free and that presented uniform moisture and no mechanical damages at all. The seeds were ground in a Willye type mill and thereafter, sifted through a 0.42mm (ABNT 40 and Tyler 35) mesh sieve. The powder obtained this way was filled into plastic bags and deep-frozen until the laboratory analyses. The Soxhlet method (AOAC 1995) was used for extraction. This method is normally used to quantify oil and fat contents in foods and is based on the determination of oil extracted by a solvent. In this case, the dry matter was evaluated, using three laboratory replicates of each material per sample.
For the diallel analysis of data, the total number of treatments is given by: N = p + q+pq-k, where p and q are the parental numbers of dent and flint groups, and k the number of lost data. In the present case, the number of treatments evaluated was N = 114, due to the lost data of three parents and eight crosses. The adopted statistic model was that of Miranda Filho and Geraldi (1984) , adapted to a partial diallel, based on the complete diallel model of Gardner and Eberhart (1966) . In this model, the mean of a cross involving one parent i (i = 1,2,...,p) and a second parent j (j = 1,2,...,q) of two fixed variety groups (groups 1 and 2), is given by:
where: µ is the mean point between the means of the two variety groups; d is the measure of the difference between the means of the two groups of varieties; v i and v j are the variety effects of group 1 and 2, respectively; is the average heterosis of all crosses; h i and h j are the heterosis variety effects of group 1 and 2, respectively; S ij is the specific heterosis of the cross between populations i and j; and is the mean experimental error associated to the observed means Y ij , assumed with normal distribution, null mean and constant variance σ 2 . The indicator variables α and θ assumed the values: α and θ=1 for the hybrids; α =1 and θ = 0 for the parent varieties of group 1 with Y ij =Y ii ; or Furthermore, the following parametric restrictions were assumed:
and ,
For the estimation of the model effects and their respective sums of squares, the ordinary least squares method was used, based on the system of normal equations, with a matrix solution given by:
; where, is the vector with the parameter estimates of the model, X is the information matrix of coefficients of the model effects and Y is the vector of the observed means.
Since the diallel table was not complete (some lost treatments), the models were sequentially adjusted to evaluate the contribution of each source of variation to the total variability. Eight models (sub-models of the original model), with successive inclusion of parameters associated to each source of variation were considered. Their respective sums of squares (SS) were calculated by the general formula:
, with as many degrees of freedom as the considered model had parameters. Thus, the sum of squares of each source of variation in the analysis of variance was calculated by the difference between the sums of squares of the model with inclusion of the respective source and the one reduced for the same effect. Besides, the general combining ability of each parent (g i and g j ) was estimated, corresponding to method 4 of Griffing (1956) , using the expressions: and . All statistical calculations were implemented in the software SAS (Statistical Analysis System), using the routine developed in the IML procedure (SAS Institute 2002).
RESULTS AND DISCUSSION
The results of the diallel analysis for grain oil content are presented in Table 2 . All parameters of the model showed significant effects, with exception of the difference between means of the two parental groups. JP Oliveira et al. The significance for the effect of varieties within the two groups confirms the existence of genetic variability for the trait in the parents. This fact reinforces the possibility of selection of superior populations for oil content among the evaluated QPM populations. This strategy, associated with selection for agronomical traits, would represent an alternative for the start of a recurrent selection program.
The maize grain oil contents are under polygenic genetic control, presenting quantitative segregation, with predominance of additive effects (Dudley et al. 1977 , Miller et al. 1981 . This fact indicates the need of continuous selection for the improvement of this trait, which can be eased by broadening the genetic base.
The analysis of variance according to the partial diallel model also permits, among other aspects, an indepth investigation of the phenomenon of heterosis, partitioning it in its components. The average heterosis, variety heterosis of the groups dent and flint and specific heterosis were significant (Table 3 ). The existence of heterosis indicates divergence in the gene frequencies between the varieties of the two groups, in at least part of the loci with dominance involved in the trait control (Vencovsky, 1987) . The specific heterosis is expressed due to the existence of sufficiently great differences between the average gene frequencies of at least part of the varieties, or differences between complementary degrees of frequencies in hybrid combinations. According to Vencovsky and Barriga (1992) Filho and Geraldi (1984) for grain oil content (g 100g -1 ) of QPM parents of dent grains (group 1) and of flint grains (group 2) and their hybrid combinations 1 Experimental error estimated at the mean level of three replicates complement one another, restraining the deficiencies in the hybrid at the genome level. Complementation occurs when one of the parents in the locus set has some loci with a low frequency of favorable alleles and, in exactly the same loci, the other has high allele frequencies. The sensitivity of specific heterosis only detects divergence in loci with dominance (Vencovsky 1987). The overall mean of the grain oil content was 4.52g 100g -1 (Table 3) , which is higher than the mean values found in the literature for normal maize, between 3.50 and 4.50g 100g -1 (Alexander 1986 , Lima et al. 2000 , Tosello 1987 . In this case, higher means than those reported were observed in the parents as much as in the hybrids. The parent means in the groups dent and flint were 5.04g 100g -1 and 4.78g 100g -1 , respectively, while the hybrid mean was 4.43g 100g -1 , with a top value of 6.84g 100g -1 (CMS 456 x CMS 463) and a minimum value of 2.69g 100g -1 (CMS 466 x CMS 470). This shows the great variability between the means, in the parents as much as in their hybrid combinations, compared to data reported in the literature.
The analysis of the variety effects (v i and v j ) and variety heterosis (h i and h j ) estimates (Table 4) demonstrates the great heterogeneity among the parents. In relation to the effect of varieties, the best populations per se in group 1 were ZQP 101 (1.02g 100 g -1 ) and ZQP 103 (0.90g 100g -1 ), and in group 2, CMS 52 (1.50g 100g -1 ), BR 473 (1.23g 100g -1 ), CMS 455c (0.77g 100g -1 ) and CMS 465 (0.65g 100g -1 ). For the variety heterosis effect the genotypes CMS 474 (0.51g 100g -1 ), Heterosis for oil content in maize populations and hybrids of high quality protein The analysis of maize oil content of several studies agrees with the variability we observed, resulting in different concentrations in different populations and hybrids. Lima et al. (2000) , analyzing some Brazilian hybrids, found values between 3.6g 100g -1 and 6.9g 100g -1 . In another study on the genetic variation for nutritional quality in maize with normal endosperm, Mittelmann (2003) found values between 3.77g 100g -1 and 5.10g 100g -1 . Besides, these results of the literature indicate that the QPMs analyzed in the present study have the potential to compose new base populations, per se or in crosses, aiming at the improvement for a high grain oil content.
The average heterosis value was negative (-0.48g 100g -1 ), corresponding to -9.83% (Table 4) . In this case, despite the significance demonstrates the existence of differences between the hybrids and parents, the heterotic effect acts in the opposite sense to the desired, that is, in some hybrids there is a reduction in the grain oil content, compared to the parent mean. This fact shows the mean dominance of the alleles for low oil content. In spite of the negative mean heterosis, different combinations with total positive heterosis can be observed. This demonstrates the existence of bidirectional dominance for the trait in the different loci, with prevalence of loci with dominance for reduction of the oil content. In a program targeting hybrids, the strategy would therefore be to select combinations with positive heterosis. This situation would indicate parent pairs that are divergent precisely in the loci with dominance for high oil content.
The contribution of a given parental population to the mean of a composite is proportional to the index , which approaches the general combining ability (g j ) for higher k values, being k the number of parents of the composite (Miranda Filho and Chaves 1991) . The parents that stood out with values of general combining ability ( 81g 100g -1 ) . Although the concordance between the best hybrids and those with highest estimates of specific heterosis was not perfect (Table 4) , the hybrid combination that was best for specific heterosis was also best for the mean oil content. This intervariety hybrid (CMS 456 x CMS 463) is therefore promising for the trait under study.
Considering the objectives of intra and interpopulation improvement simultaneously, relatively to the estimated general combining abilities for oil content, the parents CMS 474 and CMS 454 stood out in the group dent and CMS 455, CMS 465, CMS 455c and CMS 463 in the group flint. Based on agronomic traits, including grain yield, Rodrigues and Chaves (2002) 
